T HERE is now ample evidence that aging can be slowed in rodents, and life span extended, by caloric deprivation ( 1 ), by diets low in methionine ( 2 , 3 ), and by at least three single-gene mutations for which extension of maximum life span has been documented in two or more laboratories ( 4 -6 ). There is much to be learned, however, about the pathways by which these diets and mutations slow aging and, in particular, whether the antiaging pathways induced in these animal models overlap with one another. The demonstration ( 7 ) that caloric restriction (CR) extends life span in Ames dwarf mice supports the idea that the CR and the df/df genotype extend life span through at least partly different means, but this inference has been questioned on theoretical grounds ( 8 ), and the observation that a CR diet does not extend life span of the long-lived growth hormone receptor knockout (GHRKO) mutant ( 9 ) further complicates interpretation of these results. Genetic studies in Caenorhabditis elegans ( 10 ) have suggested that mutations that extend life span of this species may fall into classes with different modes of action: one of these has homologies to the insulin and insulin-like growth factor-I (IGF-I) responses lacking in Ames and GHRKO mice and another that appears to play a role in nematode responses to CR . Studies of long-lived invertebrates provide important clues to the potential role of homologous genetic and cellular elements in mammals but are unlikely to serve as an infallible guide to developmental biology and aging in such a distant clade.
T HERE is now ample evidence that aging can be slowed in rodents, and life span extended, by caloric deprivation ( 1 ), by diets low in methionine ( 2 , 3 ) , and by at least three single-gene mutations for which extension of maximum life span has been documented in two or more laboratories ( 4 -6 ) . There is much to be learned, however, about the pathways by which these diets and mutations slow aging and, in particular, whether the antiaging pathways induced in these animal models overlap with one another. The demonstration ( 7 ) that caloric restriction (CR) extends life span in Ames dwarf mice supports the idea that the CR and the df/df genotype extend life span through at least partly different means, but this inference has been questioned on theoretical grounds ( 8 ) , and the observation that a CR diet does not extend life span of the long-lived growth hormone receptor knockout (GHRKO) mutant ( 9 ) further complicates interpretation of these results. Genetic studies in Caenorhabditis elegans ( 10 ) have suggested that mutations that extend life span of this species may fall into classes with different modes of action: one of these has homologies to the insulin and insulin-like growth factor-I (IGF-I) responses lacking in Ames and GHRKO mice and another that appears to play a role in nematode responses to CR . Studies of long-lived invertebrates provide important clues to the potential role of homologous genetic and cellular elements in mammals but are unlikely to serve as an infallible guide to developmental biology and aging in such a distant clade.
The ability of CR diets to retard many aspects of aging in multiple species has been well documented, but studies of methionine-restricted (Meth-R) diets have been less widely discussed. Studies in rats have shown that Meth-R diets can extend mean and maximal longevity by 40% or more, similar to the effect produced by CR diets ( 2 , 11 ) . The Meth-R diet extends longevity of several strains of rats ( 3 ) . Rats on Meth-R diets are smaller than control rats, but they consume more food, per gram body weight, than controls, and rats allowed to consume normal chow at the rate consumed by rats on a Meth-R diet do not show a similar life-span extension ( 2 ) , showing that the longevity of the Meth-R rat is not due simply to diminished caloric intake. Mice placed on a Meth-R diet at the age of 6 weeks show extended mean and maximal longevity compared with controls, despite relatively low survival in the fi rst year of life ( 12 ) . Mice on a Meth-R diet show a slower rate of age-related change in T-cell subsets and slower development of cataracts, consistent with the generalization that this diet may slow the pace of age-related change in multiple tissues in addition to its overall effect on lethal illnesses. Meth-R mice resemble CR mice in several respects, including low serum levels of insulin, glucose, thyroid hormone T4, and IGF-I, and dramatically higher resistance to the hepatotoxic effects of injected acetaminophen (APAP) ( 12 ) .
Although CR begun in young adult animals has the most dramatic impact on aging and life span, there is some evidence to suggest that CR can have benefi cial effects when begun in adulthood ( 13 -16 ) . In some settings, these effects seem to be reversible, in that cessation of CR feeding results in a rapid return to the " normal " state ( 17 ) , with a concomitant reduction in life span relative to animals maintained on lifelong CR ( 14 ) . However, the age at which the switch from CR back to normal feeding occurs may be important. In particular, Yu and colleagues demonstrated that 4.5 months of CR, from 1.5 to 6 months of age, in male F344 rats was suffi cient to signifi cantly extend both median and maximum life span in conjunction with a delayed onset of age-related disease ( 16 , 18 ) , and similar studies in other rat strains corroborate these results ( 19 , 20 ) . This suggests that the lifeextending effects of CR ( 21 ) may depend on both the timing and the duration of the period of dietary intervention. Studies in mice have been more ambiguous ( 22 -24 ) , but there is some evidence to suggest that a period of restriction early in life can have lasting effects on aging and life span ( 25 , 26 ) .
This article reports results of two experiments on mouse longevity. The fi rst experiment shows that Meth-R in mice can extend life span even when initiated as late as 12 months of age. The second shows that a nutritional intervention, litter enlargement (LE) limited to the 3-week period between birth and weaning, can extend mean and maximal life span in mice. We also present results of gene expression and signal transduction experiments that document multiple differences between the effects of Meth-R and those of CR. Taken together, these results show that longevity can be altered by multiple nongenetic pathways in mice imposed at different stages of the life cycle.
M aterials and M ethods

Meth-R Experiment
Male (BALB/c × C57BL/6)F1 (CB6F1) mice were purchased from the National Institute on Aging (NIA) contract colony at Charles River Laboratories at 11 or 12 months of age and thereafter housed in a specifi c pathogen vivarium as described by Miller and colleagues ( 12 ) . Serological testing was used every 3 months, as described ( 12 ) , to monitor the pathogen-free status of the colony, and all such tests were negative throughout the experimental period. Mice were housed three per cage, with care taken to assure that they were shipped from the supplier as cage mates, and then housed in these original groups at our own site. After a 7-day adaptation period, during which the animals received standard laboratory chow, 17 control cages (51 mice, " Meth-C " ) were shifted to a diet containing a synthetic mixture of amino acids in lieu of natural sources of protein and including methionine at 0.43% per weight. An equal number of mice (Meth-R) were given an equivalent diet containing 0.23% methionine by weight and after two further weeks were shifted to a diet containing 0.15% methionine; these mice remained on this diet for the rest of the experiment. The control diet, prepared by Purina Test Diets, Inc. (Richmond, IN), was based upon the AIN-76 formulation. It was compounded using 43% cornstarch, 20% sucrose, 8% corn oil, 5% dextrin, 5% cellulose, 3.6% glutamic acid, vitamin and mineral mix, choline, and a set of defi ned amino acids in lieu of a protein source. Amino acid concentrations were as follows, expressed as weight of amino acid per weight of total diet: 0.93% arginine, 0% cystine, 2.31% glycine, 0.27% histidine, 0.82% isoleucine, 1.11% leucine, 1.15% lysine, 0.43% methionine, 1.16% phenylalanine, 0% tyrosine, 0.82% threonine, 0.18% tryptophan, and 0.82% valine. A similar diet containing 0.15% methionine was also prepared by the same company for our use, in which cornstarch was substituted for the diminished methionine; this reduced-methionine diet is available as Catalogue No. 52501 (58MK). At 18 months of age, eight Meth-R and eight Meth-C mice were euthanized to provide tissues for biochemical analyses of Erk, Jnk, p38, and target of rapamycin (TOR) activities. The remaining 43 mice in each group were evaluated at least daily to determine the date of death.
CR Protocol
Male CB6F1 mice were obtained at age 11 or 12 months from the NIA colony as described for the Meth-R and Meth-C groups and housed in the same room as these two groups. After a 1-week adaptation period, mice in the CR group were given an amount of food equal to 90% of the amount consumed by mice in the ad libitum control group ( " AL " group) for 2 weeks. They were then shifted to 75% food availability for 2 weeks and then shifted to 60% food intake for the remainder of the experiment. All mice in the CR and AL groups were euthanized at 18 months of age for biochemical analyses.
Liver RNA Samples for Gene Expression Analysis
Liver samples for messenger RNA (mRNA) studies were derived from a separate population of Meth-R and Meth-C CB6F1 mice, exposed to these diets from 6 weeks of age; these mice were developed in parallel to the groups used for the longevity experiment previously described by Miller and colleagues ( 12 ) . CR and AL samples for mRNA analysis were derived from CB6F1 mice that had been housed along with the Meth-R and Meth-C mice from 6 weeks of age. Samples were obtained at the same time of day (8 -10 am ), and on the same day for controls and experimental animals in both groups, and were processed in parallel.
Maternal Protein Restriction and Litter Expansion Experiments
Rather than CB6F1 mice, this experiment used mice of the UM-HET3 stock ( 27 ) ; they were the offspring of crosses between CB6F1 mothers and (C3H/HeJ × DBA/2J)F1 fathers and thus genetically heterogeneous in that any two mice were full sibs, sharing a random 50% of their nuclear genes. First litters of the CB6F1 mothers were used for other purposes, and the offspring from the second litters used for this study. The dams were fed a diet containing 20% protein (Harlan Teklad TD91352) for the duration of their pregnancy. Litters were culled to eight, and the dams were randomly assigned to one of three groups: (a) one that remained on the 20% control diet during lactation (control); (b) one that was switched to an isocaloric 8% protein diet (Harlan Teklad TD93033) during lactation (protein restriction [PR]); or (c) one in which the dams received the control diet (with 20% protein) and four additional pups from another litter, resulting in a 50% increase in total litter size (LE). To control for the potentially confounding effect of differing levels of nutrition experienced in utero, litters with less than 8, or more than 10, original pups were not used. At 20 days of age, pups were weaned onto a normal chow diet (Purina 5001, 23% protein) and were periodically weighed and bled for the quantifi cation of circulating hormone levels. Some of the animals were challenged with intraperitoneal injections of APAP at 2, 4, 8, and/or 18 months old, using a method previously described ( 28 ) .
Life Span Analysis
Differences in survival between Meth-R and control mice were evaluated using the log-rank statistic. All mice were dead at the time of the analysis, so no censoring was required. Differences in the proportion of mice alive at the age at which 90% of the pooled population had died were evaluated as recommended by Wang and colleagues ( 29 ) , using the Fisher exact statistic; this provides a useful estimate of differences in " maximal longevity. " The log-rank test was also used to evaluate differences between LE mice (or PR mice) and controls. To examine the potentially confounding effect of APAP exposure on life span, a second analysis was performed using Cox regression with treatment group (control, PR, LE) and number of APAP exposures (0, 1, or 2) as covariates in the model.
Quantifi cation of mRNA Levels Using Multiplex Reverse Transcription -Polymerase Chain Reaction
RNA samples were isolated from the livers of eight CR and eight AL mice, as well as nine Meth-R and seven Meth-C mice using the RNeasy Mini kit (Qiagen, Valencia, CA) according to the manufacturer ' s instructions. An Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA) was used to determine the concentration and quality of each RNA isolate. Complementary DNA (cDNA) was generated from 2 m g of each RNA sample using the High Capacity cDNA kit (Applied Biosystems, Foster City, CA). In total, 1:1 mixtures of the master mix and each cDNA reaction product were loaded onto Applied Biosystems ' multiplex (microfl uidics-based) reverse transcription -polymerase chain reaction (RT-PCR) cards custom made to contain four replicate sets of 96 primers, that is, 1 control primer and 95 primers for genes relevant to aging and stress resistance. Each card received RNA from four mice, one from each of the two control and two experimental populations. The cards were run on ABI Prism ' s 7900HT Sequence Detection System and analyzed with version 2.1.1 of the system ' s software. The relative RNA expression levels were inferred from the C t values .
mRNA Analysis: Statistics
To adjust for variation among RT-PCR microfl uidics cards, a normalization constant was defi ned for each card based upon the mean C t value of the 20 mRNA species that had the highest mRNA abundance (lowest C t values) across the entire series of cards. Each individual C t value was then adjusted by adding in this card-specifi c normalization factor, so that each card had the same average estimate of mRNA for the 20 most abundant mRNAs. The size of the effect of the CR or Meth-R diet was then estimated, for each mRNA, by subtracting the mean C t values of the respective control mice from mean C t values for the experimental mice, raised to the power of two because each change of one C t unit refl ects a twofold change in mRNA abundance. Statistical signifi cance was evaluated using a false discovery rate (FDR) algorithm as implemented in SAM (Statistical Analysis for Microarray) software, as described by Tusher and colleagues ( 30 ); a collection of mRNAs for which FDR = 0.05 is expected to include only 5% of false-positive elements were included by chance alone.
Antibodies
Antibodies for immunoblotting were obtained as follows: p38 mitogen-activated protein kinase (MAPK), phosphop38 MAPK (Thr180/Tyr182), ERK, phospho-ERK (Thr202/ Tyr204), JNK, and phospho-JNK (Thr183/Tyr185), phosphoAkt(Ser473), Akt(Thr308), mammalian target of rapamycin 
Western Blot Analysis
Total proteins were obtained from whole-tissue homogenates. Approximately 100 mg liver samples were homogenized in 500 m L ice-cold homogenizing buffer (20 mM Tris [pH 7.5], 150 mM NaCl, 1% Triton 100, with protease inhibitors cocktail and phosphatase inhibitors cocktails [Sigma-Aldrich Corp.]) and spun at 12,000 rpm for 40 minutes. The supernatants were removed and stored at -70°C. Protein concentrations were determined using the bicinchoninic acid assay (Pierce Corp., Rockford, IL) according to the manufacturer ' s instructions. For Western blotting, protein extracts were mixed with Sample Buffer (Bio-Rad Laboratories, Inc., Hercules, CA) and boiled for 5 minutes. Forty micrograms of total protein were separated electrophoretically according to size by sodium dodecyl sulfatepolyacrylamide gel electrophoresis using Criterion XT Precast Gel (Bio-Rad Laboratories) for 60 minutes at 150 V. Subsequently, proteins were wet transferred for 2 hours at 100 V onto nitrocellulose membranes. Membranes were rinsed briefl y in Tris-buffered saline (TBS; pH 7.6) and blocked with 5% dry milk (or 3% bovine serum albumin for phosphorylated proteins) in TBS plus 0.05% Tween 20 (TBST) for 1 hour at room temperature. Blots were washed with TBST and incubated with the primary antibody diluted in the appropriate blocking solution at 4°C overnight with shaking. After incubation, blots were washed three times (15 minutes each) with TBST and incubated with an appropriate secondary antibody. For visualization of specifi c bands in the chemiluminescence assays, the membrane was exposed to X-OMAT fi lm; for chemifl uorescence, the membrane was incubated with enhanced chemifl uorescence substrate and a digital image was generated with the Molecular Dynamics Storm system. Quantifi cation of immunoblot signals was performed using the ImageQuant software package (Molecular Dynamics, Sunnyvale, CA).
Hormone Measures
Immediately prior to weaning (Day 20), mice were bled via puncture of the retroorbital sinus for the quantifi cation of serum hormone (IGF-I, insulin, leptin, adiponectin, insulinlike growth factor binding protein-2 [IGFBP-2]) and glucose levels . Adiponectin and leptin levels were quantifi ed via commercially available radioimmunoassay kits (LINCO Research, St Charles, MO) according to the manufacturer ' s instructions except that sample volumes were reduced by a factor of two and four for the adiponectin and leptin assays, respectively. For leptin, serum samples were diluted 2.75-fold prior to assay. Serum IGF-I levels were quantifi ed via a double-antibody RIA kit (Diagnostic Systems Laboratories, Webster, TX) run at one-quarter volume according to the manufacturer ' s instructions. Prior to assay, 5 -10 m L of serum from each individual was subjected to an acid -ethanol extraction procedure using the materials provided in the kit. Serum insulin levels were quantifi ed via an enzyme immunoassay (Alpco Diagnostics, Windham, NH) run according to the manufacturer ' s instructions expect that samples were diluted 1.83-fold prior to assay, and serum IGFBP-2 levels were quantifi ed via an enzyme immunoassay according to the manufacturer ' s instruction (Alpco Diagnostics). All samples were assayed in duplicate and were run in parallel for each hormone. Blood glucose was quantifi ed at the time of sample collection in whole blood using the One Touch Basic Diabetes Monitoring System (Lifescan, Milpitas, CA ). Figure 1 shows survival curves for two groups of male CB6F1 mice: a control group receiving a diet containing 0.43% methionine by weight and an experimental group consuming food with 0.15% methionine from age 12 months onward. Early mortality noted in our previous experiment, in which the Meth-R diet had been administered to mice starting from 6 weeks of age, was not apparent in the current protocol in which the diet was initiated at a later age. Median longevity was 948 days in the control group (95% confi dence interval 884 -1,003 days) compared with 1,011 days (95% confi dence interval 931 -1,085 days) in the Meth-R group, an increase of 7%. The log-rank test showed that the survival of Meth-R mice was signifi cantly better than the controls ( p = .02). As a test for maximal longevity, we used the approach of Wang and Allison ( 29 ) to compare the proportion of live mice in each group at the age (1,175 days) at which only 10% of the pooled population remained alive. At this age, 8 of 43 Meth-R mice were alive (19%) compared with 1 of 43 control mice (2%); this difference is signifi cant at p = .01. We conclude that the Meth-R diet, initiated at 12 months of age, leads to an increase in longevity in CB6F1 mice.
R esults
Meth-R mice resemble CR mice in that they have lower serum IGF-I, insulin, thyroxin, and glucose levels and show a similar resistance to the hepatoxic effects of injected APAP ( 12 , 28 ) . Meth-R mice also resemble CR mice in that both kinds of animals are lighter in weight than their respective controls, although food intake per gram body weight is higher in Meth-R rats than in control Meth-C rats ( 2 ), and limiting rats to the amount of food (per animal) consumed by Meth-R rats does not extend longevity. Because the mechanisms of life-span extension by Meth-R and CR diets are both unknown, it is a matter of speculation as to whether these two interventions promote health and survival by identical, overlapping, or distinct pathways. To gain insight into this question, we conducted two sorts of experiments: one based on mRNA expression patterns in liver of CR and Meth-R mice and the other on measurement of protein kinases thought to participate in stress resistance pathways.
The mRNA profi les were derived from female CB6F1 mice, aged 18 months, which had been exposed to the Meth-R diet (0.15% methionine) from 6 weeks of age. Survival analysis showed ( 12 ) that this diet extended life span by the log-rank test and also extended maximal life span compared with mice on a control diet with 0.43% methionine. Liver samples were removed at 18 months of age from nine Meth-R and seven Meth-C mice, as well as from eight CR mice and eight mice on an AL diet that had been housed from 6 weeks of age in the same room as the Meth-R and Meth-C mice. A multiplex RT-PCR method was used to estimate the levels of 95 mRNAs, selected for their potential involvement in resistance to cellular stress. Figure 2 summarizes the results of this analysis. In this graphic, the horizontal axis shows the contrast between Meth-R and Meth-C mice; high numbers, toward the right side, indicate lower expression in Meth-R mice. The vertical axis shows the contrast between CR and AL mice, with higher values (top) representing lower mRNA levels in the CR animals. Filled symbols indicate the 48 mRNAs that were signifi cantly higher or lower in CR mice, compared with AL mice, using FDR greater than 0.05 as signifi cance criterion. If the effects of CR on liver gene expression were similar to those of the Meth-R diet, most of the symbols would be on a diagonal line from the lower left corner to the upper right corner of the plot, but in fact there is little or no relationship between the effects of CR diet and those of the Meth-R diet.
Only three of the mRNAs tested differed signifi cantly between Meth-R and Meth-C mice. Igpbp1 was signifi cantly lower in Meth-R mice but was elevated signifi cantly by the CR diet . Conversely, Adm2 was elevated to a signifi cant extent in liver of Meth-R mice but signifi cantly depressed by CR. The third gene affected by Meth-R, Bid , was lower in Meth-R mice but unchanged by the CR diet. The fi gure also shows many mRNAs that were elevated or depressed by CR but showed little or no change in the Meth-R mice. A complete list of mean values for each of the 95 genes in CR and Meth-R mice is shown in Supplementary Table 1 . Although it is not clear which, if any, of these changes in gene expression levels contribute to good health in Meth-R and CR mice, it is clear that the changes in hepatic metabolism induced by the two diets have little in common. Figure 3 shows analyses of three protein kinases known to participate in cellular responses to injury; these experiments used liver tissue from mice exposed to the Meth-C, Meth-R, AL, or CR diets from 12 months of age, as in Figure 1 . Figure 3 (top) , comparing CR with AL mice, shows signifi cant increases in hepatic levels of phosphorylation of Erk, Jnk2, and p38 kinases, roughly two-or threefold in each case. In contrast, liver tissue from Meth-R mice shows no change in phosphorylation of Erk or p38 and only a small (though signifi cant) elevation in phosphorylation of Jnk2 compared with Meth-C animals ( Figure 3 , bottom) . Figure 4 shows analyses, using the same liver samples, of three enzymes in the TOR pathway, which participates in cellular responses to nutrient availability and stress. The top panels show data comparing CR with AL mice and document dramatically lower levels of mTOR phosphorylation and phosphorylation of the mTOR substrate 4EBP1 in the CR liver tissue. The level of phosphorylated Akt, an activator of mTOR, is also signifi cantly diminished in the CR mice, though the amount of diminution is far less than the decline of phospho-mTOR and phospho-4EBP1 in the same tissue. Meth-R mice ( Figure 4 , bottom) show a similar, signifi cant but very slight, decline in phospho-Akt, but unlike CR mice show no change in phosphorylation of either mTOR or 4EPB1. The results of the Erk, Jnk2, p38, and TOR analyses all suggest that the cellular changes induced by the Meth-R diet are distinct from those induced by CR diets in mice.
The data of Figure 1 show that maximal life span can be increased by a nutritional intervention started as late as 12 months of age. To see if very early, but transient, nutritional intervention can also extend maximal life span, we conducted an experiment to evaluate two models in which access to nutrients was limited only for the fi rst 3 weeks of postnatal life. Figure 5 shows survival curves for LE or maternal PR mice compared with simultaneous controls. All the UM-HET3 mice in this experiment came from oncebred females with litter sizes of 8, 9, or 10 pups. In the control group, each female nursed her own offspring, with litter size trimmed within 24 hours of birth to N = 8 pups. In the LE group, each litter was fi rst trimmed to N = 8 pups and then supplemented with 4 additional pups from another litter born on the same day to a total size of N = 12 pups. In the PR group, nursing mothers received a protein-poor diet. At 20 days of age, all pups were weaned and thereafter housed in same-sex cages containing two or three weanlings.
Median survival was 740 days (95% confi dence interval 672 -854 days) in the control mice and was 874 days (95% confi dence interval 760 -988 days) in the LE group, an increase of 18%. A log-rank test indicated a signifi cant difference between LE and control mice ( p = .0007) pooled across sexes. When males were considered alone, the LE group had a median survival that was only 7% higher than controls Figure 2 . Gene expression results for a set of 94 messenger RNAs (mRNAs) evaluated by multiplex reverse transcription -polymerase chain reaction in groups of seven to nine mice. The horizontal axis reports the ratio of expression in liver of methionine-restricted (Meth-R) compared with Meth-C mice. The vertical axis shows the ratio of expression in liver of caloric restriction (CR) compared with ad libitum (AL) control mice. Filled symbols show genes for which a test of false discovery rate showed p < .05 for the comparison of CR with AL mice. Underlined gene names show the three mRNA for which the false discovery statistic reached p < .05 for the comparison between Meth-R and Meth-C mice. Gene names are given for 11 arbitrarily selected genes; a complete listing is included in Supplementary Table 1 . (874 vs 815 days) and the log-rank test was marginal at p = .07. When females were considered alone, the LE group had median survival 16% higher than controls (848 vs 731 days) and the log-rank test indicated a signifi cant difference at p = .003. We also used the Wang and Allison method ( 29 ) to evaluate survival to the age (1,060 days) at which only 10% of the pooled population remained alive. At this age, 6 of 36 LE mice were still alive (17%) compared with 0 of 25 control mice (0%); this difference is signifi cant at p = .03. We conclude that LE from 8 to 12 pups, between birth and weaning, is suffi cient to lead to increased longevity in UM-HET3 mice.
The survival curve for PR mice, whose mothers were provided unusually low levels of dietary protein while nursing the PR offspring, is also shown in Figure 5 . There is no signifi cant difference between PR and control mice, either pooled across gender ( Figure 5 ) or when males or females are considered separately (not shown). Cox regression analyses (not shown) that included APAP exposure (no exposure, one lifetime exposure, or two exposures) documented a signifi cant effect of the LE treatment ( p = .004), consistent with the log-rank test, but again failed to demonstrate any effect of the PR treatment ( p = .21). Figure 6 shows the body weights of the LE, PR, and control groups across the life span. As expected, offspring in the PR and LE groups are signifi cantly lighter than controls at weaning, presumably because of diminished access to milk Figure 3 . Evaluation of Erk, JNK, and p38 status in liver of caloric restriction (CR) and methionine-restricted (Meth-R) mice. Each group of immunoblots shows a representative experiment involving four ad libitum and four CR mice (top set) or four Meth-C and four Meth-R mice (bottom set), stained (top to bottom) for phosphorylated Erk1/2, total Erk1/2, phosphorylated JNK2, total JNK2, phosphorylated p38, total p38, and actin. The bar graphics at the right show means and SE s of the mean for eight mice of each type. Asterisks indicate signifi cance at p < .05 by an unpaired t -test for the indicated comparison.
in the fi rst 20 days of life. LE mice of both sexes remain smaller than controls at least through 112 weeks. The lower weight of the LE mice was statistically signifi cant ( p = .01) in a repeated measures analysis of variance model incorporating effects of age, sex, treatment, and interaction. In the PR groups, female weights are similar to controls at all ages. PR males weigh as much as control mice by 12 weeks of age and, by 72 weeks of age, are actually heavier than the controls, exhibiting " catch-up " growth.
Hormone Assays in PR and LE Mice
Both serum IGF-I and nonfasted glucose levels were lower, at weaning, in both LE and PR mice relative to controls ( p < .05 by Dunnett's post hoc test); the data were pooled across sex because there was no sex effect on either end point. Leptin levels in weanling PR mice were signifi cantly higher ( p < .03) than in LE or controls. There were no signifi cant differences among these groups in insulin, adiponectin, or IGFBP2.
D iscussion
Our data show that a diet low in methionine can extend mean and maximal life span in mice even if started as late as 12 months of age, consistent with our previous report of extended life span in mice exposed to a low-methionine diet from 6 weeks of age ( 12 ) and several reports of life-span extension in multiple strains of inbred rats ( 2 , 3 , 11 ) . Early imposition of a low-methionine diet led, in our earlier report, to death of approximately 25% of the test mice within the fi rst year of life, with rectal prolapse frequently a contributing cause of these early deaths. The present experiment was conducted to see if diminished methionine, begun after the attainment of near-maximal body weight, might have a benefi cial effect without the heightened mortality risk seen in the fi rst year of life. The extension of maximal life span seen in the current population is very similar to that seen in mice exposed to the Meth-R diet from 6 weeks of age; thus, the benefi cial effects do not seem to be proportional to the length of time during which the mice receive low levels of this amino acid. In the previous experiment, the mean longevity of the longest lived 10% of control mice was 1,144 days compared with 1,153 days in the current protocol, showing that the relative increase in life span in our current group of Meth-R mice does not refl ect unusually poor survival of their contemporaneous controls. We do not have suffi cient necropsy data to decide if the spectrum of late-life illness differs between Meth-R and Meth-C control mice, although a limited study of mice in our earlier study ( 12 ) found a similar set of mostly neoplastic illnesses in both groups of animals. We have noted that mice in both the Meth-R and the Meth-C groups have unusually high levels of fat deposits in the liver, presumably due to a dietary formulation in which virtually all protein has been replaced by an artifi cial mixture of synthetic amino acids. It is possible that adjustments of the ratios of the various amino acids might diminish the extent of fatty change in the liver, possibly with additional health benefi ts.
Low-methionine diets might postpone aging and extend life span by any of several plausible mechanisms, including alterations in translation rate or accuracy, modulation of DNA methylation patterns and hence gene expression, changes in glutathione levels or distribution ( 11 ), changes in endocrine levels, including changes in IGF-I, insulin, glucose, migration inhibition factor, and thyroxine ( 12 ), or hormesis ( 31 ) .
In weighing the merits of these different mechanistic ideas, it would be particularly helpful to know if life-span extension could be induced by restriction of any essential amino acid or whether instead Meth-R was unique in this effect. Timiras and her colleagues have reported a series of studies focused on tryptophan restriction (see ( 32 ) and references cited therein), which suggest that diets low in tryptophan may delay the onset of age-dependent pathology in many organs and extend survival in Long-Evans rats. The most recent survival study ( 32 ) , for example, noted that a diet with 70% less tryptophan than standard control diets increased the proportion of rats alive at 3 years of age from 7% (3 of 43) to 24% (10 of 42), signifi cant at p = .03. The low-tryptophan diet, imposed at 21 days of age, led to substantially higher risks of death in the fi rst year of life, and it would be helpful to see if delayed onset of a diet low in tryptophan or other essential amino acids led to a greater overall benefi t in survival risk. The Timiras study has several design features that complicate its interpretation, including restoration of many (but not all) mice in the low-tryptophan group to control diets at ages between 23 and 36 months, post hoc pooling of controls from a chowonly and a tryptophan-supplemented synthetic diet, and a lack of information as to whether the colony was or was not specifi c pathogen free. Despite these uncertainties, the evidence that low-tryptophan diets, like low-methionine diets, may be able to extend rodent life span argues against mechanisms based on the special role of methionine per se in intermediary metabolism and suggests that mechanisms based on altered translation, altered hormonal profi les, or hormesis deserve special attention.
Meth-R mice and rats are smaller than those on control diets and thus require less energy (and food intake) to maintain thermal equilibrium. The decline in food intake per animal has raised the possibility that their extended life span might be caused by CR per se, despite the evidence that rodents on a Meth-R diet consume more calories per gram body weight than control animals and the fi nding that rats given the same amount of control food as that consumed, per animal, by rats on a low-methionine diet are not longer lived ( 3 ) . In this report, we show data from gene expression analyses, studies of the Erk pathway, and studies of TOR kinase and its substrates, all of which suggest that the effects of the Meth-R diet and the CR diet are quite distinct, at least with respect to hepatic biochemistry and physiology. Much more work will be needed to learn how CR and Meth-R diets delay pathology and extend life span in rodents, and the hypothesis that they have parallel effects on one or more critical tissues is still highly plausible.
The effects of CR diets on activation of MAP kinases appear to be cell and tissue specifi c. For example, ERK and p38 enzyme activity have been reported to be impaired in the brain of aged rats, a change that was completely prevented by lifelong CR ( 33 ) . Similarly, an age-related decline in Erk induction in splenic T cells was prevented by a CR diet in rats ( 34 ) . CR led to elevation of p38 phosphorylation in liver of normal (and long-lived GHR-null mutant) mice ( 35 ) , consistent with our own data in Figure 4 ; this effect is, however, not seen in our tests of liver from mice on the Meth-R diet. Phosphorylation of JNK is depressed by the CR diet in muscle tissue ( 36 ) , although our data show a dramatic increase of JNK phosphorylation in the liver of CR mice. Thus, although our studies of Erk, JNK, and p38 in liver tissue show a clear disparity between the effects of the CR and Meth-R diets, it may well be that analyses of other tissues would document parallel changes of the two interventions on stress kinase activation.
The TOR molecule is a well-conserved serine/threonine kinase present in organisms from yeast to mammals ( 37 ) . mTOR is a target of insulin/IGF-I signals and acts as a sensor of intracellular nutrient status and a regulator of protein synthesis, and of cell growth and proliferation. Diminution of TOR kinase function can lead to delayed aging and/or life-span extension in fl ies, worms, and yeast cells ( 38 -40 ) . Transcriptional analysis in heart and adipose tissue has suggested a decline with age in mTOR activity that is opposed by a CR diet ( 41 ) . Our data suggest that diminution of mTOR activity in liver is characteristic of CR but not of Meth-R mice, but it is not yet known if mTOR activity in this or other tissues contributes to the antiaging effects of these interventions.
As shown in Figure 2 and Supplementary Table 1 , CR and Meth-R appear to have very different effects on the expression of those genes evaluated in this project. The experimental design replicated that used for published longevity protocols: control mice for the CR animals received a natural product diet, and control mice for the Meth-R population used a diet in which a mixture of synthetic amino acids was used instead of a natural source of protein. The Meth-R experiment is likely to modify gene expression patterns compared with natural product control diets, and indeed 10 of the 95 genes tested varied by twofold or more when AL and Meth-C control mice are compared (not shown). The current protocol was not designed to evaluate the effects of semisynthetic versus natural product diets but to address the idea that CR and Meth-R diets produce similar physiological changes potentially relevant to their effects on life span. For this reason, mRNA levels for CR and Meth-R mice cannot be compared directly, and therefore the gene expression data in Figure 2 present the effects of each diet in comparison with its respective control. The gene expression results of Figure 2 , along with the biochemical data of Figures 3 and 4 , suggest that it is not safe to assume that CR and Meth-R diets affect mice in similar ways.
In addition to this general point, two of the specifi c disparities deserve special note: (a) CR downregulates the expression of cytoplasmic and ER chaperone mRNAs in the liver (Hsf1, Hspa5, Hspb2, Hspca, and Hspcb), a fi nding in agreement with the previous reports in the literature ( 42 , 43 ) . In contrast, the Meth-R diet did not modulate expression of Figure 6 . Body weight curves for male (left) and female (right) mice exposed to differing levels of nutrition during early postnatal development. Each point represents the mean ± SE body weight of 7 -26 individuals dependent upon sex and treatment with one exception: only two female control mice were alive at Week 112. For clarity, the inset top panels show body weight curves for mice aged 3 -8 weeks.
these genes. (b) CR, but not Meth-R, lowers the expression of the genes for proapoptotic proteins Bak1, Bax, Caspase 8, and Caspase 12. The question of whether CR diets have pro-or antiapoptotic effects in the liver is controversial. Proponents of the proapoptotic view base their assertion on the increased expression of Bak1 and Vdac genes in mouse liver samples ( 42 ) . In our own data set, there are several fi ndings that support the idea that CR diets are antiapoptotic, including decreased expression for Caspase 8, Caspase 12, and Bak1. We also note diminished mRNA for Bax, whose heterodimer with Bak1 instigates apoptosis, as well as an increase in the expression of SIRT1 mRNA, which sequesters Bax away from mitochondria ( 44 ) . Nonetheless, the functional signifi cance of these alterations in gene expression remains unknown and may vary with the specifi c model employed ( 45 -47 ) .
It has long been realized that events early in life can have lasting effects on physiology, and human epidemiological studies have established a clear link between birth weight and the subsequent onset and progression of latelife disease ( 48 ) . To explain this phenomenon, Hales and Barker ( 49 ) proposed the " thrifty phenotype hypothesis " that suggests metabolism is " set " at a benefi cial level for periods of poor nutrition but that this metabolic set point becomes detrimental if nutrition returns to an adequate level. This is thought to be due to morphological and functional alterations of the pancreatic islets, as well as the altered expression of the insulin receptor and its downstream signaling cascades ( 50 , 51 ) , which in turn leads to impaired glucose tolerance and insulin resistance with advancing age ( 52 ) .
In contrast to models of gestational undernutrition, a period of undernutrition confi ned solely to the suckling period may actually be benefi cial in terms of life span and disease. For example, imposing maternal PR during lactation has been reported to extend the life span of both rats ( 53 ) and mice ( 25 , 26 ) . Each of these previous studies, however, left some points in doubt. The mouse study, for example, compared six groups of C57BL/6 mice exposed to various combinations of pregnancy diet (high or low protein), lactation diet (high or low protein), and postweaning diet (chow or cafeteria diet; the latter leads to obesity). The contrast between control mice (high protein in pregnancy and lactation; chow diet thereafter) and mice whose dams received low protein only during lactation is the closest to our own design and produced a 6% increase in mean age at death (765 vs 814 days). Low maternal protein during lactation also protected offspring mice against the harmful effects of the obesity-inducing cafeteria diet on life span. Our own data on mice whose dams received low-protein diets during lactation ( Fig. 5 ) also show a small increase in longevity, which was not statistically signifi cant in our population.
Some of the early studies of food restriction in mice ( 22 -24 ) included a period of food deprivation prior to weaning as a part of a more complex protocol. In some cases, for example, mice destined for assignment to a low-calorie diet in adult life were deliberately taken from litters that were larger than normal, in an attempt to reduce availability of calories prior to weaning to the low-calorie postweaning diet. These studies did not produce evidence that diminished nutrition prior to weaning, in itself, led to a sizeable or signifi cant increase in longevity. A study of early life nutrition in rats ( 53 ) included a group of animals taken from litters 75% larger than those of a control group, but the dams in this group were also subjected to a low-protein diet, making it impossible to decide whether the life-span effect seen in this study was the result of reduced maternal protein intake or increased litter size. An earlier study, also using rats, had reported that a 75% reduction in litter size can shorten the life span of Wistar rats compared with controls ( 54 ) but did not provide any information about the effects of litter sizes larger than normal.
Our design involved evaluating, separately, the effects of reduced maternal nutrient supply and those of litter expansion, using a protocol that did not involve postweaning alterations in either food quality or availability. It is also noteworthy that whereas the PR mice appeared to exhibit a period of " catch-up " growth, the LE mice remained lighter than the controls for at least the fi rst 112 weeks of life. Because the detrimental effects of rapid early growth on life span are well known ( 25 , 55 ) , the relatively steep postweaning growth trajectory of the PR mice might have contributed to the small size of the longevity effect compared with mice in the LE group. More detailed studies of GH/IGF-1 signals and possible alterations in insulin, adipokines, and other mediators of glucose homeostasis in adult animals from the LE group may shed light on the mechanisms of life-span extension in this protocol.
Modifi cations of the LE protocol, including designs in which food availability remains limited for a short interval after weaning, might lead to larger effects and might also help to defi ne the intervals during postnatal and postweaning life during which the aging process and timing of latelife illnesses are most susceptible to manipulation. It is not clear from our design whether the benefi cial effects of the LE approach are related to nutritional deprivation per se or to neuroendocrine changes that might be produced by early life competition with littermates for limited maternal resources and attention or to other factors entirely. Cavigelli and McClintock ( 56 ) , for example, have shown that genetically identical rats exhibit psychological characteristics, as early as 4 weeks of age, that are stable throughout life, predict adult adrenocorticoid responses to stress, and strongly predict life span. It is a plausible idea that the mechanism of life-span extension in the LE group overlaps with the antiaging mechanisms produced by adult CR, but neither mechanism has yet been defi ned well enough to make discussion of this point very fruitful. Although it is clear from prior work that pups in larger litters do indeed receive less food per pup than members of small litters ( 57 -60 ), it would be worthwhile to conduct additional experiments in which the effects of nutrient availability can be compared directly with possible benefi ts from the social stresses related to large litter size and litter admixture. Our demonstration, in this article, that mean and maximal life span can indeed be increased by interventions in the fi rst 3 weeks of life should provide a stimulus and justifi cation for further work along these lines.
The Meth-R data suggest that postponement of lethal illnesses can also be achieved by interventions started as late as 1 year of age in mice. Although Meth-R mice resemble CR mice in some of their characteristics ( 12 ) , our new data show clearly that these two antiaging interventions lead to very different effects on liver gene expression and signal transduction cascades. Other dietary approaches, for example, those that involve reduction of other amino acids or combinations of amino acids, or periodic exposures to lowmethionine diets, might prove more benefi cial than the protocol we chose, somewhat arbitrarily, for this study. Evaluations of the effects of the LE protocol, and the Meth-R diet, on age-related changes in multiple tissues and parallel evaluations of the effects of these and related interventions on injury and repair pathways postulated to be affected by CR diets or antiaging mutations will together help to fi ll in the currently sketchy picture of the plasticity of aging rate and life span control in mice.
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